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Abstract— A micro-cantilever fabricated using a combination
of picosecond-laser machining and focused ion beam milling
directly onto the end of a standard telecommunications optical
fiber is demonstrated as a liquid pH sensor. Conventional
pH meters typically require relatively large reaction volumes up
to ∼50 mL, which is not always convenient. The micro-scale
nature of this sensor offers the potential for pH measurement on
a smaller sample volume down to micro-liter. The fiber end-tip
cantilever is coated with a pH sensitive layer, and the pH-induced
deflection is monitored interfermetically. A detectable pH range
from 4.0 to 10.0 is demonstrated for the cantilevers coated with
16-mercapto-hexadecanoic-1-acid as the functional layer, and a
detectable pH range from 4.0 to 9.0 is demonstrated for the
cantilevers coated with Al2O3 as the functional layer.
Index Terms— Focused ion beam, optical fiber cantilever,
pH sensing, ps-laser machining.
I. INTRODUCTION
IN SOME applications, such as chemical analysis or thecontrol of biological systems, it is important to monitor
the pH of the aqueous media [1], [2]. Knowledge of pH is
important to aid the understanding of processes as it can have
a great influence on many biological and chemical reactions.
Several techniques are commonly used in order to measure the
pH of solutions. These include ion-sensitive field-effect tran-
sistors (ISFET) [3], magneto elastic sensors [4], conduction
measurements [5] or optical techniques [6]. Electrical based
techniques have many advantages: they are potentially low
cost, can be easy to mass-manufacture, accurate, can have a
large pH detection range, and are easy to interface. However,
due to the typical sensor volume and the common use of
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a semi-permeable membrane in the device these techniques
can be slow and require large sample volumes. Generally it
is difficult to monitor pH in very small sample volumes in
the ∼μL regime. An alternative technique uses pH sensitive
colorimetric or fluorescent indicators that can be monitored
optically [7]–[11]. Here the optical absorbance or amplitude
of a fluorescent signal is measured. These sensor schemes are
simple and cost-effective but their reliance on an intensity
measurement means they are susceptible to external factors
such as excitation intensity fluctuations, temperature, concen-
tration of the analyte or the indicator, or even bleaching or
leaching of the indicator. There is also the potential risk that
the indicator may interfere with the process that is being stud-
ied. Hence there is interest in developing miniaturized sensors
that avoid the use of indicator species in the test solution.
The concept of using micro-cantilevers (MCLs) as highly
sensitive chemical and physical sensors was first reported
in [12]. The operation principle of MCLs can be divided into
two classes: bending mode and dynamic mode. In the bending
mode, differential surface stress can be calculated by moni-
toring the cantilever deflection using Stoney’s equation [13].
However, in this analysis the clamping effect on the cantilever
is ignored and this can lead to significant deviation between
the modeled and experimental responses. Therefore, Tamayo
et al. present an accurate and simple analytical expression
to quantify the response of microcantilevers with different
sizes and geometries suitable for biosensing [14]. Their results
have shown excellent agreement with finite element simula-
tions and DNA immobilization experiments. To date, physical
sensors using MCLs have been demonstrated for a range
of measurands including temperature, force, magnetic field,
and infrared radiation [15]–[19]. Extremely sensitive chemical
and biological sensors based on MCLs for analytes including
DNA, alcohol, mercury, antigen-antibody binding, and bacteria
have also been reported [20]–[23]. Unlike many other types
of chemical sensor, MCLs are simple mechanical devices.
They are small, typically 0.2-1μm thick, 20-100 μm wide,
and 100-500 μm long, which are connected to an appropriate
support for convenient handling. Such devices have seen
widespread use. For example, forming a sharp tip onto the
end of a MCL makes it useful as a probe for mapping local-
ized surface topology and is widely used for Atomic Force
Microscopy (AFM) [24]. The recent advances in micro- and
nanofabrication technologies enable the preparation of increas-
ingly smaller mechanical transducers suitable for biomolecular
interactions and fundamental biological processes. There have
1530-437X © 2015 IEEE. Translations and content mining are permitted for academic research only. Personal use is also permitted,
but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
7222 IEEE SENSORS JOURNAL, VOL. 15, NO. 12, DECEMBER 2015
been significant developments in micro-cantilever biosensors
recently as a result. Huber et al. [25] show that an assay based
on micro-cantilever arrays can detect a specific gene muta-
tion nanomechanically without amplification in total of RNA
samples isolated from melanoma cells. Kosaka et al. [26]
proposed an assay that combines mechanical and optoplas-
monic transduction to detected cancer biomarkers in serum
at a concentration of 10-16 g/ml. A more novel hybrid
spin-cantilever structure that employs a high-Q single crys-
tal diamond cantilever with a single nitrogen vacancy spin
center embedded at the base was explored by Wu et al.
as a sensor for potential quantum sensing applications [27].
In-situ measurement at room temperature has been carried out
to detect an Angiopoietin-1 tumor angiogenesis marker with
this hybrid microcantilever.
In the field of pH and chemical sensing, there has been
significant progress on micro-cantilever based sensors in recent
years. One approach is to use a surface-modified micro-
cantilever to detect pH change. For example, Ji et al. [28]
demonstrate a maximum pH sensitivity of 49 nm deflections
per pH unit using a SiO2/Au cantilever, with an operating
range from pH 2 to 8. The relationship between pH and
cantilever deflection is discussed, but the detailed explanation
for cantilever deflection mechanism is unclear. A more widely
used approach uses micro-patterned hydrogels which change
in volume as a function of pH and therefore can act as a
transducer. When hydrogels are utilized as sensing micro-
structures, the micro-patterning improves the mass transfer and
chemomechanical response and leads to a reduced response
time. For example, Bashir et al. [29] used swellable hydrogels
as a transducer deposited on top of a micro cantilever and
demonstrated the potential of this approach as an ultrasensitive
pH sensor. In their work, silicon-on-insulator wafers were used
to fabricate cantilevers on to which a polymer consisting of
poly (methacrylic acid) (PMMA) with poly(ethylene glycol)
dimethacrylate was patterned using free-radical UV polymer-
ization. The mechanical amplification of polymer swelling as
a function of pH change was 1nm/5 × 10−5 pH, however
the effective measurement range is limited to between 5.9 pH
and 6.5 pH. VanBlarcom et al. demonstrated a biodegradable
pH-responsive hydrogel micro-cantilever sensor [30]. In this
work they proposed a theoretical hydrogel swelling model to
verify the testing result of the sensor in a protein-rich solution
and 1nm/5.7 × 10−5 pH sensitivity is achieved for the
resulting sensor with a detectable pH range from 5 to 6.5 based
on modeling.
A common interrogation technique for micro-cantilever
pH sensors is to use an electrical readout. A piezoresistive
element can be employed to convert the bending of the micro-
cantilever into an electrical signal based upon the resistivity
change of the piezoresistive element as a function of surface
stress changes [31]. The advantage of this approach is that the
readout system can be integrated onto the sensor chip, however
the readout current can be affected by the sensor temperature
since any thermally induced changes in conductivity will lead
to misinterpretation of surface stress. Another technique which
is widely used for monitoring micro-cantilevers is the optical
beam deflection method [32]. Here the cantilever deflection
is determined by monitoring the position of a reflected laser
beam from the cantilever using a position sensitive detector.
This approach has high deflection sensitivity but requires
precise mechanical alignment when setting-up the experiment.
To address this issue, Martínez et al. [33] proposed dense
optical cantilever array structures with minimal need for
optical alignment to achieve high throughput biological appli-
cation. Nordström et al. [34], meanwhile, present a waveguide-
microcantilever fabricated from SU-8 resin. The cantilever
deflection is read out by monitoring changes in the optical
intensity of light transmitted through the cantilever that also
acts as a waveguide. Good results have been obtained in both
air and liquid environments when the cantilever is deflected
mechanically.
An alternative structure was proposed by Giorgio et al. [35].
In their work, a surface-acoustic-wave (SAW) based cantilever
device for portable bio-chemical sensing is presented. Analytes
on a functionalized surface of the cantilever shift the resonant
frequency of a SAW-generating transducer due to the stress-
induced variation of the speed of surface acoustic modes. The
sensor can be exploited with passive wireless readout schemes
which are suitable to form scalable devices for diagnostic
purposes.
In all cases the ideal configuration would combine the
sensing probe and interrogation scheme as a single element
for portable plug-in sensing platform. A suitable structure
was first demonstrated by Ianuzzi et al. [36], where the
cantilever is directly fabricated at the end of an optical fiber.
Here the cantilever is interrogated by light guided in the
fiber, thereby offering a self-aligned miniaturised sensor with
dimensions on the scale of an optical fiber. An alternative fab-
rication approach proposed by the same group uses ‘top-down’
lithography techniques to produce cantilevers onto the end
of optical fibers [37]. This leads to the potential for mass
production of optical fiber-top cantilevers.
In this paper, we use a laser micro-machining and Focussed
Ion Beam milling (FIB) dual process to fabricate fiber-top
cantilevers suitable for pH sensing. The fabricated structure
forms an optical Fabry-Perot cavity; measurement of the cavity
length allows us to infer the cantilever deflection that arises
due to changes in pH. By forming the cantilever onto the end
of an optical fiber allows inherent alignment to the readout
system, via the fiber core during the fabrication stage, therefore
no post fabrication mechanical alignment of the sensor is
required. The interferometric approach to monitor cantilever
deflection is significantly more robust than a simple intensity-
based sensor set-up [38]. The use of optical fiber offers
the potential for a miniaturized sensor with electromagnetic
immunity, small physical size, and biocompatibility.
II. SENSOR FABRICATION
We have previously described a technique using a
combination of ps-laser machining and FIB milling to fab-
ricate cantilevers onto the end of single mode optical
fibers [39], [40]. The combination of these techniques allows
us to exploit the high material removal rate afforded by using
ps-laser machining to form the basic sensing structure and
then use FIB milling to refine the component dimensions.
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Fig. 1. (a) A micromachined cantilever on the end of an optical fiber after
initial laser machining, and (b) after FIB processing.
This allows sub-micron control over the cantilever thickness,
and provides an optical quality surface in the regions that
define the optical cavity. This dual process approach greatly
reduces the total machining time in comparison with using
FIB processing alone.
In summary, conventional single mode fibers (Corning,
SMF28) are cleaved and then modified using a commercial
picoseconds (ps) pulsed laser system (TrumpfTruMicro 5×50)
to form the rough cantilever structure. The machining was
performed at a laser wavelength of 343 nm using a 6 ps laser
pulse with energy of 10 μJ per pulse and a focused spot
of 6 μm diameters. A detailed description of this machining
process can be found in [40]. The resulting cantilever, shown
in Fig.1 (a), is ∼100 μm long, 18 μm wide and 8 μm thick.
It should be noted that due the resolution of the beam steering
control system and fiber positioning accuracy, the minimum
cantilever thickness machined by ps-laser is around 7-8 μm.
After laser processing these cantilevers are brought to a FIB
system to create a thinner cantilever with improved sensitivity.
This finishing process has two main steps. First of all, a 30 kV
voltage and 30 nA current is used to trim the cantilever
thickness down to ∼3 μm. Then a lower current of 7 nA
is used to polish the surface to provide a ∼1.5 μm thickness
cantilever with an optical surface finish, a suitable thickness
for pH measurement. This thickness can be controlled by
FIB processing to better than ∼100 nm therefore it is fea-
sible to reproduce cantilever characteristics between several
devices. The whole machining process takes approximately
20 minutes. A SEM image of such a cantilever is shown
in Fig. 1(b).
III. EXPERIMENT AND ANALYSIS
A. Deflection Measurement Interrogation Set-Up
General speaking, cantilever sensors can be operated in two
modes: vibration mode and static mode. Although vibration
(or dynamic) mode is more sensitive in general, the sensitivity
of the sensor is severely compromised in a liquid environment
because of the fluid damping effect. Additionally, in this
case the mass change related to pH variation is negligible,
hence static mode of probing surface stress change rather than
dynamic mode frequency shift is used in this paper.
We have previously described the interrogation of these
fused silica cantilevers for a different application by using
Fig. 2. Schematic of pH measurement set-up.
Fig. 3. Reflection spectrum from the cavity formed between the fibre end
face and the cantilever. Here a cavity length of 59.3μm is observed.
static mode method [41]. We use reflections from the end
of the fiber and the cantilever to define an optical cavity.
Cantilever deflection is observed as a change in the reflected
spectra from the cavity. The basic experimental set-up for
monitoring the cantilever deflection due to changes in pH is
illustrated in figure 2. In this system, a Micron Optics
SM-125 optical sensing interrogator system directs tunable
laser light along the fiber towards the sensing cantilever.
This light is partially reflected by the fiber-to-air (a), air-
to-cantilever (b) and cantilever-to-air (c) interfaces, and the
reflected intensity is recorded by the SM-125. The dominant
reflection is from (c) which forms the main cavity between
the fiber end face (a) and the outer cantilever surface (c). The
laser wavelength is scanned and the resulting interferogram is
recorded and analyzed by a bespoke LabView program using
the process described below. This allows the cavity length,
and hence the cantilever deflection, to be determined. A typical
cavity interferogram is shown in figure 3, in which the interfer-
ence fringes are clearly visible. It this case, the fringe visibility
V∼0.8 (defined as V = (Imax−Imin)/(Imax+Imin)), indicating
that we have a near matched return signal from the refer-
ence and cantilever surfaces. In our experiments the overall
signal/noise level is more than sufficient for our subsequent
analysis routines.
The cavity length is determined by extracting the free
spectral range of the cavity from the interferogram. Given the
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incident light source spectrum I0(λ), then in the case of a low
finesse cavity as used here, the back reflected light intensity
spectrum IR(λ), can be approximated by:
IR(λ) = I0(λ)[1 + V cos(4πnL
λ
+ ϕ0) (1)
where V is the visibility of the interference spectrum and
L is the real cavity length. Equation (1) tells us that the
absolute cavity length information is encoded in both the
optical phase of interfered signals and also in the free spec-
tral range (FSR) of the cavity. Here, a Fast Fourier Trans-
form (FFT) is applied to the interferogram, expressed in terms
of optical frequency rather than wavelength, to recover the
FP cavity length. Note that cavities of different lengths have
significantly different FSR and hence are easily identified
in the output of the FFT. Therefore we can be confident
that we are recording the cavity formed between surface
(a) and (c). This approach can be used to determine the
cantilever deflection. Further details on this process can be
found in [41].
B. Activation of Cantilever
To make the cantilever sensitive to pH one side of the
cantilever must be ‘activated’, so that a change in pH results in
a different surface strain on each face of the cantilever. It is this
differential strain that causes the cantilever to deflect according
to the Stoney equation [13], where the relation between the
cantilever deflection z and the differential surface stress is





where L is the length of the cantilever, μ and E are
Poisson’s ratio and Young’s modulus for the cantilever material
respectively, t is the thickness of the cantilever, and σ is the
differential surface stress. Here, two different activation layers
are investigated (i) Al2O3/Au and (ii) MHA (16-mercapto-
hexadecanoic-1-acid)/HDT (1, 6-hexanedithiol).
Before testing the pH sensitivity it was necessary to deter-
mine the background system noise level. This was achieved
by immersing a passive (uncoated) cantilever into Potassium
Buffer Solution (PBS) pH 7.0 solutions and monitoring the
cantilever position. The experiment was temperature controlled
(23 °C±0.2 °C) and insulated in order help maintain a stable
environment. The relative cantilever deflection is acquired
every 10 seconds over 200 minutes, with results shown
in Fig. 4. Here the maximum cantilever deflection fluctuation is
around ±12 nm, with an r.m.s. error of approximate ±6 nm.
From this data we conclude that a temperature variation of
the order of 0.4 °C does not significantly affect the cantilever
deflection within the measured noise level.
In order to investigate the effect of flow turbulence upon
the cantilever deflection the cavity length was monitored while
injecting PBS 7.0 solution into the liquid chamber at a constant
speed of 50μL/min. The cantilever is initially immersed in
PBS 7.0 solution and a thermocouple is also placed in the
liquid cell to monitor the temperature change. The cavity
length and temperature fluctuation during the onset of the flow
Fig. 4. Thermal stability of cantilever deflection over 200 minutes.
Fig. 5. Cantilever cavity fluctuation versus temperature change during onset
of liquid flow over the sensor.
are plotted in Fig.5. After injection, the temperature dropped
down rapidly by 0.3 °C then returned back to 23 °C after
40 seconds. The r.m.s. fluctuation in measured cavity size
during this period was found to be 12.8 nm, comparable to
the system noise level. For bio-sensing it is normal to stabilize
the temperature to be compatible with the biological species
being investigated, therefore only a limited temperature range
has been considered in this work.
C. pH Sensing Results and Discussion
In order to measure pH, the cantilever is activated
(or ‘functionalised’) with a pH sensitive coating layer.
Two different coating layers are selected here. One of them
is Al2O3/Au coating, which is easy to deposit and has shown
high sensitivity on a Silicon Nitride cantilever [22]. Unfor-
tunately, the measured pH range and coating lifetime can be
limited for this material. Therefore, MHA/HDT coating was
subsequently used because of its improved stability to pH [42].
Fig.6 shows the functionalised fiber cantilevers. Cantilever
deflection towards the activate layer is defined as positive
deflection.
Al2O3/Au cantilevers were made by first evaporating 4 nm
of Cr onto the SiO2 surface and then depositing 20 nm
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Fig. 6. Schematic configuration of optical fiber cantilever functionalised with
different pH sensitive coatings.
Fig. 7. Cantilever deflection versus pH change.
Aluminum onto one side of the cantilever and storing it in
air at room temperature overnight until the entire Al thin film
oxidizes to Al2O3. The backside of cantilever is coated with
4 nm of Cr and then 20 nm of gold, to form an inert surface.
The pH of the test liquid was controlled between
4.0 and 10.0 and verified using a commercial pH meter with a
resolution of 0.1 pH unit at 23°C. The experiment took place
at a temperature of 23°C±0.2°C.
Al2O3-coatings have been shown to be sensitive to
pH e.g., they have been used to modify ISFET gate sur-
faces [43]. A coating of Al2O3 will change the influence of
pH on cantilever surface stress, thus generating a bending
signal. To reference the zero position of the cantilever, the
freshly coated cantilever is first immersed in PBS 7.0 solution
and the cavity length is recorded. After that PBS 9.0 solution is
injected gently at a constant speed for several few minutes to
ensure the cantilever has achieved a steady-state deflection,
then the cantilever is washed with PBS 7.0 solution and
injected PBS 8.5 solution. The same process is repeated
from PBS 9.0 to PBS 4.0 decreasing by 0.5 pH each time.
A subsequent cycle is taken from pH 4.0 to pH 9.0. The
steady-state deflection of the cantilever is plotted as a function
of pH in Fig.7. The response of the Al2O3/Au cantilever
indicates that when pH>7.0 the surface stress increases as
pH increases and deflection could reach ∼180nm towards
Al2O3 side at pH 9.0. The cantilever bends down towards
the Au side when pH<7.0 and reach a maximum deflection
around 100nm. It is clear that, from figure 6, the Al2O3/Au
Fig. 8. Cantilever deflection versus pH change.
functionalised cantilever is sensitive from pH 7.0 to pH 9.0,
with ∼100nm/pH sensitivity achieved. For the resolution of
our system this equals to an r.m.s. pH resolution of ∼0.1 pH.
Unfortunately the Al2O3 surface is not suitable for long term
use in high or low pH solutions. In low pH solutions, reaction
with the Cl ion results in production of AlCl3, while in a
high pH solution the surface will dissolve into solution due to
chemical reactions that produce water soluble product.
To further investigate the life time of the micro-machined
optical fiber cantilever sensor multiple cycles between
pH 7.0 and 9.0 are performed. The measurement is taken every
10 seconds, and is shown in Fig. 8. It should be noted that
when washing with PBS 7.0 solution, the injected volume was
sufficient to wash away any reactant from the previous solution
to ensure a constant solution concentration. From Fig.8, we
can see that it takes ∼100s for the sensor to reach steady-
state for each pH change. The noise level when cantilever
reaches equilibrium is ∼10nm. When washing with PBS 7.0,
the cantilever deflection is seen to return to the same position
with a noise level around ∼15nm.
The lifetime of the sensor is greatly influenced by the
presence of chemical coatings on the surface of the cantilever;
hence it is crucial to select a robust coating layer which could
survive in both low and high pH environments. To further
improve the life time of the cantilever pH sensor a MHA/Au
functionalized cantilever is tested which is expected to extend
the lifetime of sensor.
The 16-mercapto-hexadecanoic-1-acid (MHA)/HDT
cantilever is functionalised by a Self-Assembled
Monolayer (SAM) process [44]. A micro-machined optical
fiber cantilever with the top surface coated with Au was
immersed in 10 mM MHA solution overnight. A gold-
alkylthiolate monolayer was then produced in well-ordered,
regularly oriented array. The functionalised cantilever is then
washed with Ethanol and blown dry gently using nitrogen.
After that, the reverse side of cantilever is coated with Au
followed by the similar procedure above, in order to prevent
cross-sensitivity to temperature. The HDT coated surface will
protect the cantilever from any non-specific adsorption, which
will affect the surface stress change.
The deflection of the cantilever is due to the sum of all
interactions at the surface, these results in a gradual surface
stress increase when pH increases from 4.0 to 10.0. It should
also be noted that, while we have only demonstrated the
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Fig. 9. (a) Steady-state cantilever deflection at pH 4.0 and pH 10.0 and
(b) zoomed in image showing the single cycling between pH4.0 and pH10.0,
tr and tf are the rising time and falling time respectively.
Fig. 10. MHA/HDT functionalised cantilever deflection versus pH change.
detection range from pH 4.0 to pH10.0 due to the PBS, we do
not envisage any technical issues associated with the detection
of pH beyond this range using different buffer solutions. The
cantilever deflection change between pH4.0 and pH10.0 is
shown in Fig. 9. A response time of 75 s is found from
pH 4.0 to pH 10.0 and 30 s when pH is shift from
10.0 to 4.0.
The steady-state deflection is plotted as a function of pH
in Fig. 10. The maximum cantilever deflection of ∼90 nm
is achieved at pH 10.0 whilst at pH 4.0 the cantilever is
around zero deflection. Five cycles were used to investigate
repeatability, and the maximum error was found to be 15 nm at
around pH 4.0, the error elsewhere is around 10nm. It is clear
Fig. 11. Deflection response of optical fiber cantilever as a function
of pH: Top: MHA/HDT cantilever; Below: Al2O3/Au cantilever.
from Fig.11 that the deflection depends on the pH changes of
the buffer and the functionality of the –COOH monolayer on
the Au coated surface. The deflection originates from the MHA
liquid interface and also depends on the chemical environment
of these interfaces. For MHA functionalised cantilever the acid
dissociation constant (pKa is found to be ∼5) in solution [42].
At pH<5 the majority of carboxy groups is protonated while at
pH>5 most of them are likely to be deprotonated and become
negatively charged, which is in the form of –COO−. Therefore
increasing the pH will increase the population of –COO−, this
in turn increases the lateral forces in the MHA monolayer. The
surface stress applied onto the cantilever surface will increase
accordingly. Detailed analysis can be further explained in [46].
To compare the pH response of the two different func-
tional coatings the cantilever steady-state deflection is plotted
in Fig. 11 for cantilevers with the two different coatings
as a function of pH. This shows that MHA functionalised
cantilevers are capable of detecting pH over a range of
pH 4.0 to 10.0, with an average sensitivity of ∼15 nm/pH.
Cantilever deflection has also been found in Al2O3 function-
alised cantilever with a measurement range from pH 4.0 to 9.0
and the average sensitivity is ∼60 nm/pH, which equals
to ∼0.1 pH resolution assuming ∼6 nm deflection resolution.
The pH sensitivity tends to increase in both large and small
pH value. The same trend has also been reported in [28] for
different function layers.
IV. CONCLUSION
In this paper, a micro-cantilever fabricated from the end of a
standard telecommunication fiber with appropriate functional
coatings is shown to be sensitive to pH. A combination of
ps-laser and FIB machining techniques make it possible to
form a cantilever with a dimension of 112 μm long 15 μm
wide and ∼1.5 μm thick. Such a cantilever, functionalized
using Al2O3/Au coatings, can be used to measure pH in
the range of pH 4.0 to pH 9.0 with a maximum deflection
of ∼200 nm deflection at pH 9.0. A more robust sensor has
been shown with a range of pH 4.0 to pH 10.0 with up to
90 nm deflection using a MHA/HDT functionalized cantilever.
A pH detection time of approximate 2 minutes is observed
using a small sample volume of ∼50 μL.
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